Acute kidney injury (AKI) is an underestimated, yet important risk factor for development of chronic kidney disease (CKD). Even after initial total recovery of renal function, some patients develop progressive and persistent deterioration of renal function and these patients are more likely to progress to end-stage renal disease (ESRD). Animal models are indispensable for unravelling the mechanisms underlying this progression towards CKD and ESRD and for the development of new therapeutic strategies in its prevention or treatment. Ischemia (i.e. hypoperfusion after surgery, bleeding, dehydration, shock, or sepsis) is a major aetiology in human AKI, yet unilateral ischemia-reperfusion is a rarely used animal model for research on CKD and fibrosis. Here, we demonstrate in C57Bl/6J mice, by both histology and gene expression, that unilateral ischemia-reperfusion without contralateral nephrectomy is a very robust model to study the progression from acute renal injury to longterm tubulo-interstitial fibrosis, i.e. the histopathological hallmark of CKD. Furthermore, we report that the extent of renal fibrosis, in terms of Col I, TGFβ, CCN2 and CCN3 expression and collagen I immunostaining, increases with increasing body temperature during ischemia and ischemia-time. Thus, varying these two main determinants of ischemic injury allows tuning the extent of the long-term fibrotic outcome in this model. Finally, in order to cover the whole practical finesse of ischemia-reperfusion and allow model and data transfer, we provide a referenced overview on crucial technical issues (incl. anaesthesia, analgesia, and pre-and post-operative care) with the specific aim of putting starters in the right direction of implementing ischemia in their research and stimulate them, as well as the community, to have a critical view on ischemic literature data.
Introduction
Despite decades of scientific research, chronic kidney disease (CKD) still has an increasing incidence and prevalence [1] . In addition, it is becoming increasingly clear that acute kidney injury (AKI) is an underestimated, yet important risk factor for the development of CKD [2] . Longterm follow-up studies (4 months to 6 years) report that between 35 and 71% of patients surviving an episode of AKI had incomplete recovery of renal function as assessed by creatinine clearance or serum creatinine measurements [3] . Even after initial total recovery of renal function, some patients develop progressive and persistent deterioration of renal function [4] . Moreover, these patients are more likely to progress to end-stage renal disease (ESRD) compared to patients without a history of either AKI or CKD [2] . Getting insight in the mechanisms underlying the progression from acute to chronic renal injury is a major focus of recent research in the field [5] . Since the pathogenesis of acute to chronic renal injury involves a complex multi-cellular interplay within the heterogeneous renal tissue, animal models play a crucial role in unravelling these complexities towards development of new and efficient therapeutic modalities [6] .
Rodent (mouse and rat) disease models are favourable, for several reasons: 1) widely available, 2) relative low cost as compared to higher order mammals, 3) the possibility of inducing genetic modifications, which allows both testing the role of specific proteins as well as tracking the fate of cells in disease [7, 8] . Renal ischemia reperfusion injury (IRI) is one of the most used animal models for both fundamental and therapeutic intervention studies in AKI. Yet, despite the nephropathological relevance of ischemia, only a few studies applied IRI to study longterm sequelae of an acute ischemic insult [9] [10] [11] [12] [13] . The potential of this model as an initiator of CKD has not been systematically investigated. The IRI model comes in different flavours, each with their own natural course of renal dysfunction and histopathology. Importantly, not all IRI variants are suited to study the progression from AKI to CKD and fibrosis. A distinction has to be made between cold and warm renal ischemia reperfusion. Cold ischemia, where ischemia is either performed at 32°C body temperature [14, 15] or by cooling the kidney to 4°C [16] [17] [18] , is a rarely used variant of the IRI model. Most often cold ischemia actually refers to cold storage of the kidney before transplantation, either with [19] [20] [21] or without [22] [23] [24] warm ischemia prior to the cold storage period. Warm ischemia, on the other hand, is most frequently used and can be subdivided into bilateral ischemia-reperfusion (BIR) and unilateral ischemia-reperfusion (UIR). Depending on the presence of the contralateral kidney, UIR can be further subdivided into UIR without contralateral nephrectomy and UIR with contralateral nephrectomy. An additional variation on the latter model consists in the timing at which the uninjured contralateral kidney is removed (cfr. Skrypnyk et al. [25] ).
As a model of AKI, bilateral ischemia-reperfusion injury (BIRI) affects total renal mass and induces a measurable increase in serum creatinine and blood urea nitrogen (BUN), both functional hallmarks of AKI in patients [26] . However, with respect to its application for studying chronic renal fibrosis, a strict control of the severity of the induced ischemic renal injury is critical: when renal injury is too mild, near complete recovery of the kidneys ensues without progression towards chronic renal injury and fibrosis [27, 28] . On the other hand, when the induced ischemic insult is too severe, animals are very likely to die of acute renal failure within 48 hours [25] . Although long-term studies with BIRI have been performed [3, 29, 30] , most studies indicate that kidney morphology returns to almost normal 2 weeks after the bilateral ischemic insult. A few studies reported a limited number of tubules with signs of damage and some lymphocyte infiltration in the interstitium [29, 30] . Microvascular rarefication was noted to be present 4 weeks after BIRI [31] and some glomerular atrophy and hypertrophy and interstitial scarring was observed 40 weeks after BIRI [3] . Serum creatinine returned to sham-levels 16 days after BIRI and remained stable up to 40 weeks after BIRI [3, 31] , indicating no longterm functional decay. The pathological course of unilateral ischemia-reperfusion injury (UIRI) with immediate contralateral nephrectomy (i.e. during the same surgery) is expected to be quite similar to BIRI in the sense that in both models, the animals leave the surgical procedure with injured renal tissue only. On the other hand, in UIRI without contralateral nephrectomy, animals still have a healthy kidney left in place. Due to this functional redundancy, the risk of mortality caused by acute renal failure is highly reduced [27] and the consequences of AKI can be investigated well beyond the first days of acute injury [32] . Furthermore, UIRI without nephrectomy allows to conduct longer ischemia times [29] (up to 60 minutes in mice [9] and 190 minutes in rats [33] ), thus allowing studies in a larger range of severity of kidney injury. This potential of the UIRI model without nephrectomy in inducing a range of histopathological renal injury more closely resembles the variability in nephropathology seen in patients [34] . Moreover, development of an uremic milieu, as occurs with BIRI, and which is part of the renal pathology in patients, is avoided [26] .This allows the assessment of the natural course of post-ischemic renal damage without the possible protective effects of uraemia, i.e. cytoprotective [35] and anti-inflammatory effects [36] . It should be noted, however, that due to the presence of the non-injured contralateral kidney, the functional course after UIRI cannot be assessed by simply taking a blood sample and collect 24-hours urine to calculate creatinine clearance [25] . One way is to remove the healthy contralateral kidney and measure glomerular filtration rate (GFR) hours after removal [11] . However, depending on the severity of the acute ischemic insult, this can be an end-point analysis. Alternatively, split renal function measurement by use of ureter catheterization has been performed in dog [37, 38] , pig [39] and rat [40, 41] . In rats, however, this is done shortly before euthanasia (end-point analysis), and this technique is unlikely to be suitable for mice.
Generally, consequences of AKI induction through ischemia-reperfusion are studied 24-48 hours up to 2 weeks after the insult [11, 28, 42] . However, we hypothesize that the model of UIRI without nephrectomy is valuable to study the evolution of the histopathology of acute ischemic kidney injury progressing to CKD with long-term development of fibrosis. In the present study we therefore investigated the long-term renohistopathological outcome of UIRI (without nephrectomy) with emphasis on evaluating the development of fibrosis whilst varying the two most important determinants of ischemic injury, i.e. core body temperature during and duration of ischemia. Since we studied AKI-induced CKD, we also included analysis of long-term expression of tubular injury markers and inflammatory cytokines. In addition, despite the intuitive simplicity of the IRI model, i.e. obstruct renal blood flow for a given period of time, many technical factors influence the renal pathological outcome, making this model in its execution more complicated and less reproducible than generally anticipated. In order to cover the whole practical finesse of ischemia-reperfusion, we complemented this manuscript with a referenced overview on crucial technical issues with the specific aim of putting starters in the right direction of implementing IRI in their research and stimulate them, as well as the nephrology community, to have a critical view on the findings of others.
Materials and Methods

Technical survey and considerations on the ischemia-reperfusion procedure
With the aim of providing full methodological insight, we performed a literature survey on several important practical aspects of the renal ischemia-reperfusion model, i.e. the use of anaesthesia and analgesia and the influence of ischemia time and body temperature. Since the latter two are considered to be the main determinants for fine-tuning the ischemic model, we further experimentally evaluated their impact specifically in the setting of unilateral ischemia-reperfusion.
with respect to the 3R principle of animal ethics. Some UIRI conditions were repeated to verify reproducibility, i.e. UIRI at 35°C for 30 minutes and at 36°C for 21 and 18 minutes. On average, we encountered 6% mortality, mainly due to post-anaesthetic complications. In addition, on average 8% of the animals were excluded from analysis, because its values were marked as outliers for different parameters upon statistical analysis. Prior to surgery, animals were randomly allocated into the different groups. Animals had free access to standard chow and tap water.
Study set-up. Male C57Bl/6 mice (10-12 weeks of age; Charles River, Saint-GermainNuelles, France) subjected to an acute ischemic kidney injury by unilateral ischemia-reperfusion (UIR) without contralateral nephrectomy consistently develop post injury renal fibrosis. As already mentioned above, the extent of acute renal injury is dependent on both body temperature and ischemia time [43] . To examine (1) the effect of body temperature during ischemia on fibrotic outcome after UIRI, the left kidney was clamped for 30 minutes at 37°C (n = 5), 36°C (n = 4), 35°C (n = 10) or 34°C (n = 5) and animals were euthanized 12 weeks after UIRI; (2) the effect of ischemia time on fibrotic outcome after UIRI, the left kidney was clamped for 30, 21 or 18 minutes at 36°C and animals were euthanized 6 weeks (resp. n = 5, n = 12, n = 6) and 12 weeks (resp. n = 4, n = 5, n = 10) after UIRI.
Surgical procedure. Optimized pre-operative preparation of the animal for the induction of IRI: The mouse is anaesthetized with a mixture of ketamine (Ketalar, Pfizer, Elsene, Belgium; 80 mg/kg) and xylazine (Rompun, Bayer, Wuppertal, Germany; 16 mg/kg), diluted in sterile saline to a final volume of 2.4 ml/100 g body weight. The mixture is administered intraperitoneally whereupon the animal is immediately transferred to an incubator set at a fixed temperature until loss of righting reflex has occurred. It is of paramount importance that body temperature is monitored throughout the procedure since body temperature may decrease by several degrees following administration of ketamine and xylazine [44] and hypothermia is one of the most common causes of anaesthetic death. Following induction of anaesthesia, which usually takes 3-5 minutes, the left side of the abdomen is depilated and disinfected with 70% ethanol. Depilation of the abdomen is done with Veet cream (Reckitt Benckiser, Brussel, Belgium), followed by sufficient cleaning with moist sterile tissues to remove any cream remnants. Preferably, depilation is conducted one day in advance, for several reasons: 1) it improves working efficacy on the day of surgery, 2) it allows a more efficient time use during which the animal is sedated (45-60 minutes) 3) it avoids the need to administer additional anaesthesia, 4) it induces less skin irritation and, 5) depilation of the skin just before surgery substantially contributes to the decrease of body temperature that occurs after anaesthesia even when placed on a heating pad. Overall, depilation of the skin 24 hours in advance improves the reproducibility of the surgery. Next, eye ointment (Duratears, Alcon-Couvreur, Puurs, Belgium) is applied to make sure the cornea is protected from drying and trauma, and buprenorphine (Temgesic, Reckitt Benckiser, Brussel, Belgium; 0.05 mg/kg), diluted in sterile saline, is provided via intraperitoneal injection. The animal is placed with its back on a heating pad (Physitemp, Clifton, New Jersey) in a position with its head and neck extended to ensure that its airway remains unobstructed [45] . The body temperature is monitored trough a rectal probe, with a feedback system to the heating pad (Physitemp, Clifton, New Jersey).
Before initiating surgery, anaesthetic depth is determined by touching the medial corner of the eye, which should not result in a response and by testing the withdrawal response by applying pressure with a fingernail to the back foot of the animal, who should not withdraw [46] . Respiration should be monitored to ensure that it is of adequate depth and normal frequency [47] .
Surgery: Surgery should not be started before the core body temperature of the mouse, as measured with a rectal probe, is stabilized at the set point and the mouse is in deep anaesthesia. Stabilization of the core body temperature can take up to 15 minutes, may require a heat lamp (in addition to the heating pad) and a draft-free location to facilitate this process. The abdomen is opened with a midline incision; approximately 1-1.5 cm. Using a wound spreader the intestines are carefully pushed aside and the left kidney is exposed, however not exteriorized to avoid rigorous cooling of the kidney and ischemic preconditioning during manipulation of the kidney. The renal pedicle is carefully dissected with fine-point tweezers to remove the perihilar adipose tissue, exposing the blood vessels for renal pedicle clamping. It is important that the blood supply to the adrenal gland remains unaffected. The renal pedicle is clamped with an atraumatic vascular clip (Scanlan, Saint Paul, Minnesota; see study set-up for the indicated ischemia times and body temperature used in the experiments described in this manuscript) using holding forceps, ensuring minimal vascular damage, and as little as possible perihilar fat in the clamp. Successful ischemia is characterized by a gradual colour change of the kidney from red to dark purple within 1-2 minutes. The right kidney is left undisturbed. The abdomen is temporarily closed with a suture and the animal is transferred to an infant incubator, kept at the temperature that allows the body temperature of the animal to remain stable at the setpoint temperature for the duration of ischemia (see study set-up). Temperature of the animal is monitored continuously with a rectal thermometer (Bioseb, Vitrolles, France). Variations in body temperature during ischemia should be kept less than 0.5°C, as this will increase variability to the degree of renal injury. The vascular clip is released at the desired time to start reperfusion. After verification of kidney colour to change back to red (roughly within 10 seconds), a Vicryl 4-0 suture (Ethicon, Norderstedt, Germany) is used to first close the muscle layer, followed by closing of the skin. Sham-operated animals are subjected to the exact same surgical procedure, aside from clamp placement.
Post-operative care: Immediately after surgery, 1 ml saline or Plasma-Lyte (Baxter, Lessen, Belgium; i.e. buffered low chloride saline solution) is given intraperitoneally to compensate for the fluid loss during surgery. Even though the superiority of Plasma-Lyte over saline is not proven, clinical reports allow assuming that high chloride solutions are associated with worse AKI as compared to low-chloride solutions [48] . The animals are kept on a warm water mat (water temperature at 37°C) until awakening after which they are placed in an open grid recovery cage under a heating lamp until full consciousness is regained. Heating lamp and cage are placed in such a way that one end of the cage maintains room temperature whilst the distance between lamp and animals is held large enough to avoid overheating. After 24 hours the animals are transferred to their housing cage.
During the first 3 days after the surgery, the animals, in addition to the standard chow, are supplemented with DietGel Recovery Purified Soft Diet for Rodents (Clear H 2 O, Portland, Maine), rich in water and sugars, to reduce the post-operative weight loss and allow faster recovery after surgery. Weekly follow up of the body weight and behaviour is performed as measures of good health.
Real-time PCR. Total mRNA is extracted from a pole section of the ischemic kidney (PureLink RNA Mini Kit; Life Technologies, Gent, Belgium) and converted to cDNA (High Capacity cDNA archive kit; Life Technologies, Gent, Belgium). To quantify gene expression, qPCR, based on the Taqman fluorescence method (ABI Prism 7000 sequence detection system; Life Technologies), was used. Taqman probes and primers for GAPDH (Mm99999915_g1), col-
and IL-6 (Mm00446190_m1) were purchased from Life Technologies (Gent, Belgium). Each gene was analysed in triplicate and the expression was normalized to the reference gene GAPDH. Calculations were made conform the comparative CT-method.
Histology. Renal morphology was evaluated on ischemic kidney tissue fixated in NBF (Neutral Buffered Formalin), stained with Masson's trichrome after post-fixation in Bouin's fixative. Masson's trichrome stain is the standard for visualizing fibrosis in tissue, provides a useful sense of tissue morphology, and allows evaluation of localization and severity of deposition of extracellular matrix.
For collagen I immunostaining, paraffin embedded 4 μm thick sections of ischemic kidney tissue were blocked with normal goat serum and incubated overnight with the primary antibody, polyclonal rabbit anti-mouse collagen I antibody (dilution 1/3500,Catalogue number T40777R, Lot number 20I25000, Biodesign International, Saco, Maine). After washing, sections were incubated with a biotinylated secondary antibody, goat anti-rabbit IgG antibody (dilution 1/200, PK-4001, Vector Laboratories, Burlingame, California) and subsequently incubated with avidin and biotinylated horseradish peroxidase (AB-complex, Vector Laboratories, Burlingame, California). A dark brown colour was developed with diaminobenzidine in the presence of 3% H 2 O 2 . Sections were counterstained with methyl green to visualize nuclei. Collagen I immunostaining was quantified using the Axiovision image analysis software (Carl Zeiss, Jena, Germany) and quantification was performed blinded. The area % stain represents the ratio of the summed absolute areas of staining versus the total tissue.
Statistics. All statistical analysis was performed with SPSS Statistics 22 (IBM, Brussel, Belgium). Data are presented as mean ± standard deviation, or as individual values. Comparisons between groups are assessed using a Kruskal-Wallis test, followed by a two-tailed Mann-Whitney U test. Values of p<0.05 are considered significant.
Results of experiments for the evaluation of unilateral IRI without nephrectomy as initiator of CKD Technical survey and considerations on the ischemia-reperfusion procedure
Anaesthesia. General anaesthesia in laboratory animals involves loss of consciousness, loss of sensation (analgesia) and muscle relaxation [46] . An ideal anaesthetic agent is easy to administer, produces a fast and adequate immobilization, has limited side effects, and is reversible and safe for animals and operators. Unfortunately such an anaesthetic is not available, and the best drug selection is highly variable according to different experimental circumstances [47] e.g. interference with pathology.
Inhalation anaesthesia is usually preferred to injection anaesthetics. Induction and recovery of inhalation anaesthesia are rapid, safer (as it causes less cardiovascular depression) and allows accurate control over the depth of anaesthesia [45] . However, compared to injection anaesthesia, inhalation anaesthetics are counter-indicated for use during IRI as it was shown that some volatile anaesthetics confer profound protection against renal IRI by attenuating inflammation [49] .
Injection anaesthetics most commonly used for laboratory mice are barbiturates, dissociative anaesthetics such as ketamine, and α2 agonists. Barbiturates such as sodium pentobarbital (Nembutal, CEVA Sante Animale) are counter-indicated for IRI, as they reduce blood flow to the kidney, secondary to lowered blood pressure, with reduced glomerular filtration rate (GFR) and urine output [46] . In addition, barbiturates have a narrow margin of safety. Dissociative anaesthetics such as ketamine (Ketalar, Pfizer) and tiletamine (Zoletil, Virbac) have a wide margin of safety, analgesic potential and prevent spinal sensitization (wind-up). Ketamine is often combined with other anaesthetic agents such as α2 agonists to improve quality of anaesthesia while reducing its side effects. Ketamine combined with xylazine (Rompun, Bayer) is the most used ketamine combination in mice, producing short surgical anaesthesia (30-45 minutes) with good immobilization and some analgesia [47] . Ketamine is metabolized in the liver, producing inactive metabolites that are excreted by the kidney [46] , and as such is safe to use in mice with compromised renal function as is the case with IRI. Xylazine is also metabolized in the liver, producing inactive metabolites, however it is recommended to lower the dose in case of renal failure [46] . When used during the induction of IRI, and certainly when a healthy kidney is left in place, remnant renal function is sufficient to enable its safe use.
Analgesia. Analgesia should be based on the species, the type of procedure performed, the pharmacokinetics of available agents, and any known adverse effects of the specific drugs [44] . Also, it is currently believed that analgesia administered pre-operatively (pre-emptive analgesia) can provide a more efficient and readily pain control [45] . Analgesics most commonly used for laboratory mice are opioids and non-steroidal anti-inflammatory drugs (NSAIDs) [50] .
Opioids are part of the most potent analgesic agents. Fentanyl (Durogesic, Janssen-Cilag), oxymorphone (Opana, Endo Pharmaceuticals), buprenorphine (Temgesic, Reckitt Benckiser) and butorphanol (Stadol, Hospira) are the most commonly used opioids in laboratory animal care. Fentanyl is the most powerful, but is also the shortest acting. In addition, it is given transdermally by skin patch, making it less favourable for being used routinely [47] . Buprenorphine seems to be the most appropriate analgesic for use in mice undergoing IRI because of its long lasting (12 hours) effect, high therapeutic index and its potential for being used in animals with compromised renal function since it is metabolized in the liver [51] . However, caution has to be taken with buprenorphine as it can suppress respiration, cause sleepiness or slow down the recovery of anaesthesia [50] .
NSAID's such as carprofen (Rimadyl, Pfizer), ketoprofen (Rofenid, Sanofi-Aventis), ketorolac (Taradyl, Roche), and meloxicam (Mobic, Boehringer Ingelheim) are also useful in laboratory animals, all the more since they exhibit some pleiotropic effects, such as reduction of fever and inflammation. However, as NSAID's also have renal side-effects, they are counter-indicated for being used as analgesic during induction of IRI [46] .
Shortly after induction of anaesthesia, buprenorphine, diluted in sterile saline, is provided via intraperitoneal injection. In general, it is not necessary to provide additional analgesia during the post-operative care since mouse behaviour does not show significant signs of distress after the initial dose of buprenorphine [43] .
Ischemia time. Renal ischemia time is an important determinant of AKI severity and subsequent renal pathology [52, 53] . The most commonly used ischemia times for BIRI and UIRI with contralateral nephrectomy are 30 minutes in mice and 45 minutes in rats. For UIRI without nephrectomy 30, 45 and 60 minutes of ischemia are most frequently used in mice and 45 minutes in rats.
Ischemia induces inhibition of active ion transmembrane transport because of depletion of intracellular energy stores, resulting in increased ion and water influx, causing cell swelling and oedema. The influx of water and ions results in local hemoconcentration because of the transmigration of water into the cells, which causes increased blood viscosity. Stiffening of leukocytes and the increased leukocyte-endothelial cell and neutrophil-neutrophil interactions further impairs blood flow properties, which hinder the restoration of microvascular blood flow upon reperfusion, also known as the "no reflow" phenomenon. Severity of the no reflow phenomenon and the cellular oedema are dependent on the time of ischemia [53] [54] [55] . The duration of ischemia necessary to induce a progressive and persistent renal injury depends on the properties of the vascular clip, mouse strain [56] , gender [57] , mouse weight (as fat tissue can insulate) and thus needs to be optimized and standardized empirically.
Body temperature during ischemia-reperfusion. Another important determinant of renal outcome after renal ischemia-reperfusion is body temperature during ischemia. The effect of body temperature on the severity of acute IRI is connected to the body metabolism, and relates to three different processes: 1) higher body temperature during ischemia results in a more severe decrease of intracellular energy stores, 2) the concentration of degradation products inosine and hypoxanthine increases with increasing body temperature during ischemia, which results in increased production of free radicals upon reperfusion, and 3) increasing the body temperature during ischemia produces an increased damage of cell membranes [13, 52, 58] . It is known that hypothermia during experimental IRI provides renal protection, as it delays degradation processes and extends cell tolerance to ischemic stress [58] . In addition, hypothermia reduces inflammatory processes and limits the increase in vascular permeability [59] . Thus, temperature control during ischemia is one of the most important aspects of IRI models, and is necessary for reproducibility, yet far more difficult to standardize than ischemia time. Appropriate temperature control equipment is necessary since lack of active temperature control exposes the animals to daily and seasonal variations in room temperature and air drafts, even when placed on a heating mat [43] . The latter is nicely illustrated by experimental work of Delbridge et al. demonstrating the difference in AKI severity, as measured by serum creatinine, when rats underwent BIRI on either a heating mat without temperature control, heating mat with rectal temperature-control or without heating mat [13] . These and our own observations illustrate that monitoring body temperature during the procedure is of particular importance, as the body temperature of the animal needs to remain stable during ischemia, preferably up to the moment the animal regains consciousness. With regard to adequate temperature control, it is important to keep in mind that the body temperature of animals, sedated at room temperature can decrease several degrees following administration of ketamine and xylazine [44] . Also, heating the animal with a heat lamp and heating mat needs to be closely monitored as body temperature can spike at 38°C or higher, increasing the variability within the group. As an alternative, a neonatal incubator provides a more stable temperature controlled environment which avoids body temperature spikes and prevents the anaesthesia-associated temperature drop when animals are put inside immediately after sedation (own observations). Overall, it should be noted that temperature settings depend on the lab environment, the mouse strain, and mouse weight (as fat tissue can insulate) and therefore require an empiric optimization and standardization.
Experimental evaluation of unilateral ischemia-reperfusion in mice
Effect of body temperature during ischemia on fibrotic outcome. Unilateral renal ischemia-reperfusion injury (UIRI) results in a significant reduction of renal mass (p<0.05) at all temperature conditions tested. As depicted in Fig 1A, UIRI at 37°C caused a ±75% reduction (p<0.05) in renal mass, whereas the mildest temperature condition tested, i.e. 34°C, also caused a less pronounced (p<0.05) but still severe reduction in renal mass (±70%). Masson's stain showed prominent renal damage and severe loss of structure, atrophic renal cortex with disruption of tubular architecture, marked tubule necrosis and intratubular casts, and extensive interstitial inflammatory infiltration (Fig 2A) . Quantification of fibrosis by collagen I immunostaining demonstrated an increased deposition of collagen I for all body temperatures under study as compared to sham (p<0.05), with a more pronounced increase in collagen I staining for UIRI at 37°C as compared to the lower body temperatures (35°C and 34°C) (p<0.05) ( Fig  3C) . As shown in Fig 4, 12 weeks after UIRI a significant increase in gene expression of fibrosis-related genes Col I, TGFβ, CCN2 and CCN3 was observed in renal cortex tissue in all core body temperature conditions tested as compared to sham (p<0.05). The long-term UIRIinduced expression of these genes is also temperature-dependent: higher expression with higher temperature during ischemia (37°C and 36°C vs. 35°C and 34°C; p<0.05) (Fig 4) .
Effect of body temperature during ischemia on long-term expression of inflammatory and tubular injury markers. Analysis of gene expression of hepatitis A virus receptor 1 (Havcr1; T cell immunoglobulin mucin protein 1 (TIM-1)-producing gene in mice; KIM-1, human homolog) and lipocalin 2 (Lcn2; neutrophil gelatinase-associated lipocalin; NGAL) as markers for sustained tubular injury showed a significant upregulation of both markers (p<0.05) at all temperature conditions tested (Fig 5A) . In addition, expression of the inflammatory cytokines tumor necrosis factor (TNF)-α and interleukin (IL)-6 were significantly higher (p<0.05) at all temperature conditions tested (Fig 5B) . However, no temperaturedependence was observed for the tubular injury markers and inflammatory cytokines gene expression.
Effect of ischemia time on fibrotic outcome. As depicted in Fig 1B, UIRI caused a significant reduction in renal mass at all ischemia time-conditions tested as compared to sham. In addition, longer ischemia times induce a more severe reduction in renal mass: 30 minutes UIRI caused a ±75% reduction in renal mass (p<0.05), whereas the mildest ischemia time condition tested, i.e. 18 minutes UIRI, caused a ±20% reduction in renal mass (p<0.05). The severity of histologic renal damage is dependent on ischemia time: 30 minutes of UIRI caused prominent renal damage and severe loss of structure (Fig 2B) , as was also seen in the previous experiment on the effect of body temperature during ischemia. On the other hand, 6 and 12 weeks after 18 minutes of UIRI, renal tissue had a more or less normal appearance with some intratubular casts and necrotic tubuli (Fig 2B) . Quantification of fibrosis by collagen I immunostaining shows an ischemia time-dependent effect, with significantly less collagen I staining after 18 minutes UIRI as compared to 30 minutes, both at week 6 and 12 (p<0.05; Fig 3D) . In addition, a tendency towards progression of renal fibrosis from week 6 to week 12 is seen with 30 and 21 minutes of UIRI. However, the mildest ischemia time-condition, i.e. 18 minutes UIRI, shows tendency towards reduction in collagen I deposition from week 6 to week 12 ( Fig 3D) . As shown in Fig 6, 12 weeks after 30, 21 and 18 minutes UIRI, a significant increase in gene expression of fibrosis-related genes Col I, TGFβ, CCN2 and CCN3 was observed as compared to sham (p<0.05). At week 12, the increase in gene expression of these fibrosis-related genes is (n = 5) and animals were euthanized 12 weeks after UIRI. UIRI results in a significant reduction of renal mass (p<0.05) at all temperature conditions tested. B: UIRI was performed for 30, 21 or 18 minutes at 36°C and animals were euthanized 6 weeks (resp. n = 5, n = 12, n = 6) and 12 weeks (resp. n = 4, n = 5, n = 10) after UIRI. UIRI causes an ischemia time-dependent reduction in renal mass, with a significantly more severe reduction in renal mass with longer ischemia times. The bars are the means ± s.d. The data were analysed using a two-tailed Mann-Whitney U test. less pronounced with shorter ischemia times, i.e. 21 and 18 minutes UIRI, as compared to 30 minutes UIRI (p<0.05). Also, 12 weeks after 18 minutes UIRI, expression of the pro-fibrotic genes Col I, TGFβ and CCN2 is even lower as compared to 21 minutes UIRI (p<0.05). There is a tendency towards higher gene expression of the fibrosis-related genes 12 weeks after 30 and 21 minutes UIRI as compared to 6 weeks (p>0.05). However, 12 weeks after 18 minutes of UIRI, gene expression of TGFβ and CCN2 is significantly lower as compared to week 6 (p<0.05).
Effect of ischemia time on long-term expression of inflammatory and tubular injury markers. As shown in Fig 7A, 6 weeks after 30, 21 and 18 minutes UIRI, a significant increase in gene expression of the tubular injury marker Havcr1 (KIM-1) was observed as compared to sham (p<0.05). At week 12, expression of Havcr1 is reduced after 30 minutes of UIRI as compared to week 6. Also, the mildest ischemia-time condition (18 minutes of UIRI) induced a ) . B: Effect of ischemia time on long-term collagen I deposition in the ischemic kidney, 6 and 12 weeks after UIRI (magnification: 100x). C: UIRI was performed for 30 minutes at 37°C (n = 5), 36°C (n = 4), 35°C (n = 10) or 34°C (n = 5) and significant lower upregulation of Havcr1 expression as compared to the most severe condition (30 minutes of UIRI) at week 12 (p<0.05). Upregulation of the gene expression of the tubular injury marker Lcn2 (NGAL) shows an ischemia time-dependent effect, with significantly reduced upregulation after 18 and 21 minutes of UIRI as compared to 30 minutes at week 6 (p<0.05; Fig 7A) . Also, as for Havcr1, the expression of Lcn2 is reduced 12 weeks after 30 minutes of UIRI as compared to week 6 (p<0.05). In addition, at week 12, expression of Lcn2 is significant lower after 21 minutes of UIRI as compared to 30 minutes. Likewise for 18 minutes of UIRI as compared to 21 and 30 minutes. As shown in Fig 7B, 6 weeks after 30, 21 and 18 minutes of UIRI, a significant increase in gene expression of the inflammatory cytokines TNFα and IL-6 was observed as compared to sham (p<0.05). Shorter ischemia times, i.e. 21 and 18 minutes, induced significant lower upregulation of TNFα and IL-6 (p<0.05) (Fig 7B) . At week 12, upregulation of TNFα shows an ischemia-time dependent effect, with significantly reduced upregulation after 21 minutes of UIRI as compared to 30 minutes, and likewise for 18 minutes of UIRI as compared to 21 and 30 minutes. Gene expression of IL-6 is significant higher at week 12 as compared to week 6 after 30 minutes of UIRI. In addition, 12 weeks after 18 minutes of UIRI, i.e. the mildest condition, gene expression of IL-6 is significantly lower as compared to both 30 and 21 minutes of UIRI (Fig 7B) .
Discussion
Amongst the realm of models to study or intervene with the development of CKD, IRI is a rarely used model [25, 60, 61] . Yet, together with nephrotoxic injury from drugs (poly animals were euthanized 12 weeks after UIRI. Collagen I deposition seems to be dependent on body temperature during ischemia: more collagen I deposition after UIRI at higher body temperatures. D: UIRI was performed for 30, 21 or 18 minutes at 36°C and animals were euthanized 6 weeks (resp. n = 5, n = 12, n = 6) and 12 weeks (resp. n = 4, n = 5, n = 10) after UIRI. Collagen I deposition seems to be ischemia time-dependent: more collagen I deposition after longer ischemia times. The bars are the means ± s.d. The data were analysed using a two-tailed Mann-Whitney U test. doi:10.1371/journal.pone.0152153.g003 Fig 4. Relative quantification of long-term IRI-induced expression of fibrosis-related genes. Core body temperature during ischemia determines degree of long-term fibrotic outcome. *: p<0.05,°: p<0.05 vs. Sham. UIRI was performed for 30 minutes at 37°C (n = 5), 36°C (n = 4), 35°C (n = 10) or 34°C (n = 5) and animals were euthanized 12 weeks after UIRI. Twelve weeks after UIRI, a significant increase in gene expression of fibrosis-related genes Col I, TGFβ, CCN2 and CCN3 was observed in renal cortex tissue in all core body temperature conditions tested. The expression of these genes is also temperature-dependent: higher expression with higher temperature during ischemia. The bars are the means ± s.d. The data were analysed using a two-tailed Mann-Whitney U test. doi:10.1371/journal.pone.0152153.g004
An Ischemic Mouse Model for AKI to CKD pharmacy, radiocontrast drugs, poison, or metals), ischemia (hypoperfusion after surgery, bleeding, dehydration, shock, or sepsis) is a major aetiology in human AKI [62, 63] . In addition, recent clinical studies clearly demonstrate a pathological link between AKI and CKD. The hazard ratio for developing ESRD in patients with AKI without previous CKD is 13.0 [64] . Delayed graft function following renal transplantation, dialysis-requiring acute renal failure, old age and incomplete recovery from AKI are associated with an increased risk for renal nephropathy Fig 5. Relative quantification of long-term IRI-induced expression of tubular injury and inflammatory markers.°: p<0.05 vs. Sham UIRI was performed for 30 minutes at 37°C (n = 5), 36°C (n = 4), 35°C (n = 10) or 34°C (n = 5) and animals were euthanized 12 weeks after UIRI. A: Twelve weeks after UIRI, a significant increase in gene expression of tubular injury markers Havcr1 (KIM-1) and Lcn2 (NGAL) was observed in renal cortex tissue in all core body temperature conditions tested. B: Twelve weeks after UIRI, a significant increase in gene expression of inflammatory cytokines TNFα and IL-6 was observed in renal cortex tissue in all core body temperature conditions tested. The bars are the means ± s.d. The data were analysed using a two-tailed Mann-Whitney U test. doi:10.1371/journal.pone.0152153.g005
An Ischemic Mouse Model for AKI to CKD and progression to CKD [65] [66] [67] [68] . Experimental work on mechanisms underlying progression from AKI to CKD in ischemic and renal ablation models indicates that a persistent inflammatory response [27, 67] , alterations in renal microvasculature [31, 69, 70] and derangements of the endocrine response and abnormalities in circulating mediators [2] may contribute to progressive injury and lack of recovery. Hence, IRI is a clinically relevant model to study the AKI to CKD connection. Most of the experimental research on CKD and fibrosis is performed in the unilateral ureter obstruction model. Although undoubtedly valuable, this model is a correlate for a rather rare cause of human renal disease [60] [61] [62] . Here, we describe an ischemic mouse model of acute to chronic kidney injury with minimal mortality and very consistent development of fibrosis in the injured kidney, i.e. unilateral ischemia-reperfusion without contralateral nephrectomy. In this model, we evaluated the impact of the two main determinants of acute ischemic injury, i.e. core body temperature during and duration of ischemia, on long-term fibrotic outcome and concomitant expression of tubular injury and inflammatory markers. In addition to demonstrating that this model is very straightforward for inducing progressive renal histological decay, we also provide detailed practical considerations on the technical procedure of ischemia-reperfusion.
The primary aim of this manuscript was to provide evidence that UIRI is a suitable animal model to study the progression from acute to chronic kidney injury. A macroscopic parameter indicative of progressive fibrotic renal lesions is a reduction in renal mass [29, 71] . In accordance with this, our data show a significant reduction in renal mass at all conditions tested (Fig  1) . Histological analysis, by means of Masson's trichrome stain and collagen I immunostaining, reflect the expected clinically relevant histopathology of CKD [29, 72, 73] , characterized by the presence of tubular casts and debris, atrophic tubuli, ongoing inflammation, and tubulo-interstitial fibrosis (Figs 2 and 3) . Complementary to the histological analysis, the expression of a . UIRI was performed for 30, 21 or 18 minutes at 36°C and animals were euthanized 6 weeks (resp. n = 5, n = 12, n = 6) and 12 weeks (resp. n = 4, n = 5, n = 10) after UIRI. Six weeks after 30, 21 and 18 minutes of UIRI, a significant increase in gene expression of fibrosis-related genes Col I, TGFβ, CCN2 and CCN3 was observed. 12 weeks after 30 and 21 minutes of UIRI, although not statistically significant, a further increase in gene expression of these genes is observed. However, 12 weeks after 18 minutes of UIRI, a trend to decreased gene expression of Col I and CCN3 and a significant decrease in of TGFβ and CCN2 is observed. The bars are the means ± s.d. The data were analysed using a two-tailed Mann-Whitney U test. panel of fibrosis-related genes was determined by qPCR, i.e. col I, an extracellular matrix component; TGFβ, an important pro-inflammatory and cell proliferative cytokine; and CCN2 and CCN3, growth factors. In all currently investigated conditions of ischemia, a significant increase in gene expression was observed for all fibrosis genes under study (Figs 4 and 6 ).
Since our model is initiated by an acute ischemic injury, we also investigated whether the expression of early tubular injury markers KIM-1 and NGAL was still elevated on the longterm. Indeed, we confirmed that renal expression of these markers remained increased in ischemia-induced progressive renal disease (Figs 5A and 7A), as was previously reported in UUO Relative quantification of long-term IRI-induced expression of tubular injury and inflammatory markers. *: p<0.05,°: p<0.05 vs. Sham, #: p<0.05 vs. week 6. UIRI was performed for 30, 21 or 18 minutes at 36°C and animals were euthanized 6 weeks (resp. n = 5, n = 12, n = 6) and 12 weeks (resp. n = 4, n = 5, n = 10) after UIRI. A: Six weeks after 30, 21 and 18 minutes of UIRI, a significant increase in gene expression of tubular injury markers Havcr1 (KIM-1) and Lcn2 (NGAL) was observed. At 12 weeks after UIRI, upregulation of these markers is ischemia-time dependent, with higher upregulation with longer ischemia times. B: Six weeks after 30, 21 and 18 minutes of UIRI, a significant increase in gene expression of inflammatory cytokines TNFα and IL-6 was observed. In addition, short ischemia times, i.e. 18 minutes of UIRI, induced significantly lower gene expression of these markers. At 12 weeks after UIRI, upregulation of these inflammatory cytokines shows an ischemia-time dependent effect, with shorter ischemia times inducing less upregulation of gene expression of these inflammatory markers. and CDDP-induced fibrosis [74] [75] [76] . In addition, we observed an ischemia-time dependent effect, in particular for NGAL and less pronounced for KIM-1, such that long-term expression of the tubular injury markers increased with longer ischemia times (Fig 7A) . These findings are in accordance to the findings of van Timmeren et al. who found an association between tubular KIM-1 expression and interstitial fibrosis in renal biopsies from patients with a variety of renal pathologies [77] . In our experiment, although upregulation of NGAL and KIM-1 persisted up to week 12, expression at week 6 was higher (Fig 7A) . Interestingly, a similar decreased expression from week 6 to week 12 after UIRI without contralateral nephrectomy has been reported previously [78] . The fact that it has been demonstrated in renal biopsies that completely atrophic (as well as normal) tubules do not express KIM-1, might explain the decreased expression at week 12 as compared to week 6 (Fig 7A) [77, 79] .
Since it is known that the model of ischemia-reperfusion features a pronounced inflammatory response, we examined the gene expression of 2 inflammatory cytokines, i.e. TNFα and IL-6, that have already been shown to be upregulated both after an acute injury and in the chronic renal injury phase [29, 80, 81] . We confirmed that renal expression of these inflammatory cytokines remained increased in ischemia-induced progressive renal disease (Figs 5B and 7B). As in the case of the tubular injury markers, we observed an ischemia-time dependent effect, in particular for TNFα and less pronounced for IL-6, with higher expression of the inflammatory cytokines with longer ischemia times (Fig 7B) . Thus, our results show that an acute unilateral ischemic insult results in long-term, active and progressive fibrotic lesions, rendering UIRI without contralateral nephrectomy a suitable model to study the histopathological progression from acute to chronic kidney injury.
Next, we set out to investigate to what extent alterations in body temperature during ischemia and ischemia time influence long-term fibrotic outcome in the UIRI model. Hereto we performed UIRI in a range of conditions commonly used in short-term UIRI experiments, i.e. variations in body temperature from 34°C-37°C and variations in ischemia time from 18-30 minutes. In transplant biology, it is known that both warm ischemia time, i.e. duration between clamping of blood flow and prelevation of the kidney, and cold ischemia time, i.e. duration of extra-corporal ischemia time, are risk factors for delayed graft function and adverse outcomes [34, 82, 83] . The results of the experiments described in this paper demonstrate that both determinants influence the severity and natural course of the subsequent renal pathology that develops after ischemic AKI. However, taking into account the expression of the tubular injury markers, inflammatory cytokines and fibrosis-related genes, body temperature during ischemia should be particularly thought of as an important factor of variance within the model, and should not be taken lightly in view of standardization of the ischemia-reperfusion model. Ischemia time, on the other hand, is the main factor that determines the severity of the longterm fibrotic outcome. This is a finding that is also true for other variants of the IRI model (bilateral IRI and unilateral IRI with contralateral nephrectomy) [13, 43, 52, 53, 58] . Contrary to these other variants of the IRI model, where spontaneous recovery of the ischemic kidneys is seen despite similar ischemia-conditions [25, 84] , it should be noted that all ischemia conditions tested in our study, both severe and mild, induced renal fibrosis consistently. Only 18 minutes of ischemia, which generally is a rather mild ischemia condition, did not appear to result in progressive fibrosis.
Nevertheless, as higher core body temperature during ischemia and/or longer ischemia times both cause a more severe reduction in renal mass (Fig 1) , the model of UIRI can be considered a tuneable model for either acute to chronic kidney injury or reversibility of the acute injury. Indeed, we also showed that depending on the severity of the ischemic insult, i.e. high (37°C) vs. lower body temperature (34°C) and 30 minutes vs. 18 minutes of UIRI, either progression or reversal of the renal pathology can be achieved. The latter is in accordance with findings from others who also showed that short ischemia times (<18 minutes of warm ischemia) induced reversible renal injury without long-term effects [85, 86] .
In view of the above, it is not surprising that the increase in expression of fibrosis-related genes also depends on the duration of ischemia and core body temperature during ischemia, with higher body temperatures (37°C and 36°C) having a more pronounced effect than lower temperatures (35°C and 34°C) as reflected by the higher increase in gene expression of Col I, TGFβ, CCN2, CCN3 at higher body temperature during ischemia and longer ischemia times (Figs 4 and 6) . Besides body temperature (to a certain extent) and duration of ischemia as determinants of renal pathology, a number of factors must also be taken into account as possible sources of variation, such as strain [56] , gender [57] , age, anaesthesia [49] and pre-operative preparation of the animal. However, in a consistent experimental setup, these factors of variation are expected to be standardized such that fine-tuning of the ischemia conditions only relies on duration of ischemia and body temperature.
Given the fact that a variety of factors greatly influence the outcome after IRI, our secondary aim was to provide a technical scaffold of the complete procedure and provide some guidelines that are of particular interest for starters as well as create awareness for established researchers when comparing and interpreting their data with historical data from others. Before initiating research with the renal ischemia-reperfusion model in whatever form, be it unilateral or bilateral, pilot experiments need to be performed to optimize surgical procedures and standardize ischemia conditions (i.e. duration and body temperature). Although our experiments allow to put forward conditions for the induction of various degrees of renal injury, these are only directive and may substantially differ from conditions applied by others using other strains or slightly different procedures [43, 87] . Therefore, before applying conditions and procedures reported by others, it is recommended to, at first instance, reproduce their validated findings and observations. Depending on the research focus, such observations can either be biochemical (creatinine, BUN, proteinuria), molecular (fibrosis-related gene or protein expression) or histological (e.g. percent positivity on collagen I immunostaining or the number of Ki67 positive nuclei per 400x field). If results (including mortality rate) diverge substantially (>20%) from the selected reference data, additional fine-tuning is warranted. Since our data indicate that ischemia time, rather than core body temperature during ischemia, influences the extent of the fibrotic outcome (Figs 1-3) , fine-tuning is preferentially done by adjusting the duration of ischemia, e.g. in 5 minute steps at first. It needs to be stressed however, that this does not rule out the importance of tight temperature control during the ischemia-reperfusion procedure, as this is still an important source of variation. For accurate results we recommend to use a heating pad with feedback system through a rectal temperature probe along with a heat lamp. To further increase temperature control, we found additional benefit in keeping the mice in a neonate incubator during ischemia.
In view of the above, it should be mentioned that applying reported ischemia-reperfusion conditions or procedures remains a challenge. This is mainly due to the overall lack of consensus on which information regarding the conditions of the IRI-model, e.g. body temperature during, ischemia time, method of temperature control, strain, gender and age of the animals, etc., should minimally be reported. This complicates the interpretation of results from different laboratories and often does not allow reproduction or unbiased comparison of data. To this end we provide some recommendations to obviate this important issue. First, it is important to mention whether ischemia-reperfusion is conducted bilaterally or unilaterally, and in case of unilateral IRI, whether or not a contralateral nephrectomy is performed, and, if so, at which time following ischemia. Second, when referring to previous reported methods, authors have to ensure that these references cover the required information that allows a good insight in the details of the model. Third, authors often do not report the temperature at which ischemia-reperfusion is conducted, or only mention the temperature of the operating mat, which differs from the body temperature of the animal. Fourth, the strain and number of animals included per group, as well as mortality rate should be mentioned, as this is an additional indicator of severity of the insult. Last, experimental end-points (e.g. time-point of euthanasia, criteria for early euthanasia) should be mentioned in the methods-section.
In conclusion, we demonstrate that UIRI without nephrectomy is a very robust model for induction of long-term tubulo-interstitial fibrosis. In addition, we demonstrate that varying the two main determinants of IRI induced AKI, i.e. body temperature during and duration of ischemia, in the unilateral IRI without nephrectomy model allows tuning of these long-term effects. Also, we provide a detailed overview of the technical procedure and highlight some additional factors that influence variation within the UIRI model, such as anaesthesia and preand post-operative care. Finally, a number of considerations and recommendations are provided on which crucial information of the IRI-model should be reported to ensure transferability of this technique.
